In this study, three-type paper supercapacitors based on the polyvinylidene fluoride (PVDF) and polyvinyl alcohol (PVA)/ phosphoric acid (H 3 PO 4 ) gel electrolytes and graphite nanoparticles (GNPs) electrodes have been fabricated. The gel electrolytes and electrodes films have been coated on the paper using push coating and then characterized by scanning electron microscopy (SEM). In two types of the paper supercapacitors, on the PVDF gel electrolyte film, a layer of PVA/water and BaTiO 3 as a gel separator film has been coated. The specific capacitance of the paper supercapacitors using cyclic voltammetry (CV) and galvanostatic (charge-discharge) methods at the scan rates 20 and 150 mV s −1 have been investigated. The paper supercapacitor based on the BaTiO 3 separator film showed higher specific capacitance (312 F g −1 ) compared to other samples. Also, using electrochemical impedance spectroscopy (EIS), the Nyquist and Bode curves of paper supercapacitors have been measured. For the paper supercapacitors based on the PVDF gel electrolyte film and BaTiO 3 separator film using the Nyquist curves, the equivalent series resistance (ESR) was 306 Ω and 125 Ω, respectively. The paper supercapacitor based on BaTiO 3 gel separator structure represents a new type of flexible supercapacitor with high performance that can be applied to electronic devices.
Introduction
Supercapacitors with high power levels due to long cycle life, short time of charge/discharge and low cost are very useful in applications such as transport and energy recovery. In many industries with fluctuating loads, supercapacitors have increasingly played the role of the stabilizer for the power supply and voltage [1] . Supercapacitors are suitable for energy harvesting systems that are used to power an integrated circuit [2] . A large application of supercapacitors is needed in the transport such as power emergency actuators in airliners (doors and evacuation slides) and high specific power in military vehicles (radar, power supplies for laser and airbag, radio communications, etc.) [3, 4] . Supercapacitors are commonly used in hybrid electric vehicles (HEV) as a fuel reduction of brake energy due to a number of favorable properties [5] . These include fast charge, longer lifetime, stable electrical properties and broader temperature range. A flexible supercapacitor is necessary for both portable and wearable electronic during folding and twisting conditions. A supercapacitor is made of two electrodes, an electrolyte and a separator that due to charge storage method divided into pseudocapacitors, electrical double layer capacitors (EDLCs) and hybrid supercapacitors. The mechanism of charge storage in EDLCs is based on the energy storage at the electrode/electrolyte interface and depends on the contact surface between the electrolyte and electrode. The electrodes of EDLCs are made using metal oxides, lithium ion materials and conducting polymers. But currently due to large surface areas, lightweight, electrochemical stability and excellent conductivity of carbon nanotubes (CNTs), activated carbon and graphene are widely used [6, 7] . The mechanism of charge storage in pseudocapacitors is based on the Faradic reactions (oxidation-reduction reactions), 1 3 29 Page 2 of 11 store energy near the surface and within the bulk of the electrodes [8] . The electrodes of pseudocapacitors are made using transition metal oxides and conducting polymers along with their composites. The lifetime of Faradaic capacitors is shorter than EDLCs. Hybrid supercapacitors combine pseudocapacitors with EDLCs using asymmetric electrodes [9] . In hybrid supercapacitors, one electrode contains a material that conducts a pseudocapacitors mechanism and at the second electrode, charge separation occurs due to EDLCs formation. Supercapacitor based on the electrolyte divided into gel-state electrolytes, solid-state electrolytes, and liquidstate electrolytes. Supercapacitors based on solid-state prevent leakage. There is normally a poor contact between the electrode and the electrolyte. Leakage is also an important problem in liquid-state electrolytes. Therefore, during the development of supercapacitors, the gel-state electrolytes are commonly used [10, 11] . Recently, carbon nanomaterials because of conductivity and other excellent features could replace charge collectors in supercapacitors. The larger specific surface area (SSA) of CNTs (430-1600 m 2 g −1 ) as an electrode in supercapacitor displays the higher specific capacitance. The specific capacitance of CNTs greatly depends on the purity and the morphology of the electrode surface material [12] . The specific capacitance of purified CNTs is in the range of 20-80 F g −1 and can be increased by the oxidative process [13] . The results of paper supercapacitor analysis based on multi-wall carbon nanotubes (MWCNTs) electrodes and electrolyte by H 3 PO 4 and PVA has been reported by Shieh et al. [14] . They showed the specific capacitance was 47 F g −1 . In Ref. [15] , a flexible paper based on single-wall carbon nanotubes (SWCNTs) supercapacitor with H 3 PO 4 /PVA electrolyte has been investigated. In their study, the specific capacitance was reported as 115 F g −1 . In another study, the paper supercapacitor with SWCNTs/graphene composites has been studied by Li et al. [16] . They reported the specific capacitance for SWCNTs as 36 F g −1 and that for composites film as 100 F g −1 . Ping et al. [17] compared the 2D graphene paper and the 3D graphene foam electrodes and showed the specific capacitances were 82.9 and 128 F g −1 , respectively. A high-performance supercapacitor based on the fine sandpaper-based electrodes and a microporous separator coated with a H 3 PO 4 / PVA gel electrolyte and graphene/MWCNTs electrode has been reported by Yu et al. [18] . They showed that at the voltage scan rate 20 mV s −1 , the specific capacitance of the sandpaper-based supercapacitor was 55 F g −1 . Activated carbon is widely used for electrodes in supercapacitors due to its SSA (1000-3500 m 2 g −1 ) and low cost. In Ref. [19] , the specific capacitance of supercapacitor based on activated carbon electrode for aqueous electrolyte and organic electrolyte has been reported. They reported the specific capacitance based on an activated carbon electrode for aqueous electrolyte and organic electrolyte as < 200 F g −1 and < 100 F g −1 , respectively. Saha et al. [20] reported the specific capacitance of supercapacitor based on mesoporous carbon as 102 F g −1 . There are different methods to synthesize the mesoporous carbons such as high-degree activation and carbonization of precursors and aerogels [21] . Paper with low cost and environmentally friendly is a suitable substrate for the advance of a flexible supercapacitor [22] . In this study, the fabrication of paper supercapacitor based on GNPs electrodes and gel electrolyte has been investigated. The PVDF and PVA/H 3 PO 4 were used as a gel electrolyte. The PVA/ water and BaTiO 3 were used as a gel separator film. The different layer of the paper supercapacitors using TEM and SEM analyses has been characterized as well. The electrical capacitance of the paper supercapacitors based on different gel electrolytes using CV and galvanostatic methods has been reported. Also, the Nyquist curve and Bode curve of the paper supercapacitors have been measured using electrochemical impedance spectroscopy.
Materials and methods
In this study, a piece of white regular paper (3 × 6 cm) as a substrate was used. At first, on the substrate using the push coating, a film of PVDF gel electrolyte has been coated. The PVDF gel electrolyte was prepared by mixing PVDF (10 g) with N-methyl-2-pyrrolidone (NMP: 10 mL). This solution was dispersed by magnetic stirring for 30 min. The gel electrolyte was pushed on the paper using a roller. The PVA gel electrolyte was prepared by mixing PVA (1 g) with deionized water (10 mL). This solution was mixed by magnetic stirring at 90 °C to thoroughly dissolve the PVA in the water for 2 h. Then, H 3 PO 4 (4.7 g) was added into the stirred PVA solution. Then, the paper with gel electrolyte was dried in an oven at 60 °C for 30 min. On the gel electrolyte film, using push coating, a layer of GNPs has been coated. In the Fig. 1a , the TEM image of the GNPs has been displayed. The average size of GNPs diameter analyzed by Simagis Live [23] was 39 nm. The SEM image of the GNPs has been presented in Fig. 1b . The CV, galvanostatic and EIS curves of the paper supercapacitors based on different gel electrolytes have been measured using ZIVE SP1 potentiostat/ galvanostat.
Results and discussion
In this letter, three-type paper supercapacitors with the different structures have been fabricated. The schematic of the paper supercapacitor with the structure of PVDF gel electrolyte and GNPs electrodes is illustrated in Fig. 2a . Figure 2b shows the paper with gel electrolyte film in the oven. Schematic of the push coating method and the images of the fabricated paper supercapacitor have been illustrated in Fig. 2c, d . The SEM images of the paper surface before and after gel electrolyte coating are presented in Fig. 3a , b. As it can be seen in Fig. 3c , the morphology of the paper surface indicated that the pores of the surface were filled with gel electrolyte. Using the push coating method, a layer of GNPs has been coated on the gel electrolyte film. The SEM images of GNPs electrode surface morphology have been displayed in Fig. 4 as well. The CV curves of paper supercapacitor based on PVDF gel electrolyte and GNPs electrodes are presented in Fig. 5a . The voltage scan rates were 20 mV s −1 and 150 mV s −1 also the potential range was − 1 V to +1 V. The CV curve of paper supercapacitor at the voltage scan rate 150 mV s −1 showed a nearly rectangular shape. As it can be seen in Fig. 5a , the current changes for the voltage scan rate 150 mV s −1 was from − 0.8 A to 1.34 A and for the voltage scan rate 20 mV s −1 was from − 0.3 A to 0.56 A. The specific capacitance of the paper supercapacitors using CV curves can be obtained from the following formula [24] :
where m is the mass of the electrode materials, I is the current in the CV curve and S is the voltage scan rate. From Eq.
(1) the specific capacitance of paper supercapacitor for voltage scan rate 150 mV s −1 was 42 F g −1 and for voltage scan rate 20 mV s −1 was 176 F g −1 .
As the results demonstrated, the specific capacitance of the paper supercapacitor was increased with a decreasing voltage scan rates. This behavior is related to the porous structure of the electrode nanomaterials in paper supercapacitor [25] . The galvanostatic charge-discharge curves (five cycles) for paper supercapacitor based on PVDF gel electrolyte and GNPs electrodes, with current density 0.06 mA cm −2 are shown in Fig. 5b . The specific capacitance of the paper supercapacitor using charge-discharge method can be obtained by the below formula [26] :
where I is the constant current, dV/dt is the absolute value of the slope of the discharging curve and m is the mass of the active materials. Using the charge-discharge curve and Eq. 2, the specific capacitance of the paper supercapacitor based on PVDF gel electrolyte was 152 F g −1 . This value is inside the range of the specific capacitances of CV curves (42-176 F g −1 ). The schematic of the paper supercapacitor with the structure PVA gel separator film and GNPs electrodes is shown in Fig. 6a . In the second structure of the paper supercapacitor, a layer of the PVA gel separator has been coated on the PVDF gel electrolyte film. The solution of PVA/water without H 3 PO 4 produces a gel dielectric that creates a separator film in paper supercapacitors. Then, a layer of PVA gel electrolyte has been coated on the gel separator film. Comparison of SEM images of PVDF film surface, PVA gel separator film and PVA gel electrolyte film is shown in Fig. 7 . On the gel electrolyte film, using push coating, a layer of GNPs has been coated. The CV curves of paper supercapacitor based on PVA gel separator film and GNPs electrodes are presented in Fig. 8a . As it can be seen in Fig. 8a , the current changes for the voltage scan rate 150 mV s −1 was from − 1.8 A to 2 A and for the voltage scan rate 20 mV s −1 was from − 0.66 A to 0.56 A. From Eq. (1), the specific capacitance of paper supercapacitor based on PVA gel separator film for voltage scan The schematic of the paper supercapacitor with the structure of BaTiO 3 gel separator film and GNPs electrodes is shown in Fig. 6b . In the third structure of the paper supercapacitor, a layer of the BaTiO 3 gel separator has been coated on the PVA gel separator film. The SEM images of BaTiO 3 gel separator film surface are shown in Fig. 7d . For better comparison, the CV curves of the paper supercapacitor based on BaTiO 3 gel separator film and GNPs electrodes also ae presented in Fig. 8a Comparison of paper supercapacitors shows that the specific capacitance of the BaTiO 3 -based supercapacitor is higher than the PVA-based supercapacitor. The galvanostatic charge-discharge curves (five cycles) for paper supercapacitor based on PVA gel separator film and GNPs electrodes are shown in Fig. 8b . Using the charge-discharge curve and Eq. 2, the specific capacitance of the paper supercapacitor based on PVA gel separator film was 300 F g −1 . For better comparison, the galvanostatic charge-discharge curves (five cycles) for paper supercapacitor based on BaTiO 3 gel separator film and GNPs electrodes also are illustrated in Fig. 8b . Using the charge-discharge curve and Eq. 2, the specific capacitance of the paper supercapacitor based on BaTiO 3 gel separator film was 320 F g −1 . In energy storage devices, a low internal resistance (iR drop ) is important because less energy wasted to generate heat during the charge/discharge process [14] . The charge/discharge curves of the paper supercapacitors at applied current 1 mA are shown in Figs. 5b and 8b. The charge/discharge curves show that due to internal resistance, almost no iR drop was observed. This behavior is related to a very low ESR of GNPs filmbased supercapacitor. Xie et al. [27] reported the compactdesigned supercapacitors using free-standing SWCNT films. They showed that for SWCNT film-based supercapacitor at 0.75 A g −1 and potential window (0-3 V), no obvious iR drop was observed in the charge/discharge curve. The equivalent circuit of the paper supercapacitor is shown in Fig. 9 .
The energy density and the power density can be obtained from [28] :
where C S is the specific capacitance, V is the potential window in the discharge process and t is the discharge time. The energy density and power density of the PVDF-based supercapacitor were 36 Wh kg −1 and 7 kW kg −1 , respectively. For PVA-based supercapacitor and BaTiO 3 -based supercapacitor, the energy densities were 62 Wh kg −1 and 65 Wh kg −1 and power densities were 10 kW kg −1 and 11 kW kg −1 , respectively. The equivalent circuit of the supercapacitor considered as a capacitor (C) in parallel with the resistance (R x ). The theoretical capacitance can be obtained by [29] :
where ε g is the relative permittivity of the gel electrolyte, ε 0 is the permittivity of the free space, t g is the thickness of the gel electrolyte and A is the area of the GNPs electrode. The relative permittivity due to the electrical conductivity of the gel electrolyte film is complex. The relative complex permittivity for a lossy medium can be obtained from the real part and the imaginary part. The relative complex permittivity is given by [29] :
where the first part of the Eq. (6) is the real part and the second part of the Eq. (6) is the imaginary part which results in the reactance capacitance of the gel electrolyte. The reactance capacitance is caused by a self-discharge in the supercapacitors. The equivalent series resistance (ESR) is series , b galvanostatic charge-discharge results from paper supercapacitor with PVDF gel electrolyte and GNPs electrodes Fig. 6 Schematic of the paper supercapacitor with the structure of a PVA gel separator film and GNPs electrodes, b BaTiO 3 gel separator film and GNPs electrodes with the capacitor and is due to resistance of the electrode surfaces. For the paper supercapacitors, the electrochemical impedance spectroscopy (EIS) was measured to calculate the internal resistance. The EIS was done at a dc bias of 10 mV with the frequency range of 100 kHz-~ 10 mHz. For the paper supercapacitor based on PVDF gel electrolyte and GNPs electrodes, the Nyquist curve is plotted in Fig. 10a . The Nyquist curve allows us to determine the ESR resistance and R x of the supercapacitor. In the 100 kHz frequency, the real part of the impedance was denoted as ESR. The resistance R x can be obtained from the semicircular part. For the paper supercapacitor based on PVDF gel electrolyte, the ESR resistance and R x were 306 Ω And 44 Ω, respectively. As it can be seen in Fig. 10a , the semicircular part of the Nyquist curve has been flatted. It is due to the fact that the electrode surface is uneven. The curve slope is related to the Warburg resistance that is due to the frequency dependency of the diffusion from the electrolyte to the electrode [30] . The impedance variations as the function of frequency are shown in Fig. 10b . The Bode curve shows that by increasing the frequency from 10 mHz to 100 kHz, the impedance was decreased from 2.6 kΩ to 307 Ω. For the paper supercapacitor based on PVA gel separator film and GNPs electrodes, the Nyquist curve is plotted in Fig. 10c. From Fig. 10c , the ESR resistance and R x were 72 Ω and 26 Ω, respectively. At the high frequency, the semicircular part of the Nyquist curve is demonstrated in Fig. 10c . The Bode curve of paper supercapacitor based on the PVA gel separator is shown in Fig. 10d . By increasing the frequency from 10 mHz to 100 kHz, the impedance is decreased from 1.3 kΩ to 72 Ω. For the paper supercapacitor based on BaTiO 3 gel separator film and GNPs electrodes, the Nyquist curve is plotted in Fig. 10e . The ESR resistance and R x were 125 Ω and 525 Ω, respectively. The Bode curve of paper supercapacitor based on the BaTiO 3 gel separator is shown in Fig. 10f . By increasing the frequency from 10 mHz to 100 kHz, the impedance was decreased from 2.45 kΩ to 170 Ω. The comparison of different supercapacitor based on the PVDF and PVA gel electrolyte is illustrated in Table 1 . As indicated in Table 1 , the specific capacitance of the paper supercapacitor based on the GNPs electrode and PVA gel electrolyte is much more than paper supercapacitor based on the MWCNTs and SWCNTs electrodes [10, [14] [15] [16] 31] . In Ref. [32] , a polyester paper supercapacitor based on the MWCNTs electrode and PVA electrolyte has been reported. At it is shown, the specific capacitance of the paper supercapacitor was 276 F g −1 in scan rate 5 mV s −1 . Hu et al. [33] indicated the specific capacitance of paper supercapacitor based on the PVDF gel electrolyte was 33 F g −1 . The comparison of PET substrate supercapacitors is shown in Table 1 [34] [35] [36] . The specific capacitance of PET substrate supercapacitor based on the SWCNTs electrode and PVA gel electrolyte was 36 F g −1 . Wang et al. [37] reported the specific capacitance of supercapacitor based on piezoelectric PVDF film and PVA gel electrolyte with carbon fiber electrode as 357 F m −2 . For the paper supercapacitor based on the KCu 7 S 4 /graphene electrode and PVA electrolyte, the specific capacitance was 483 F g −1 [38] .
Conclusion
In this paper, three-type paper supercapacitors with the different structures have been fabricated. The morphology of electrolyte surfaces and GNPs has been characterized using SEM and TEM. The CV curves of paper supercapacitors based on different gel electrolyte and GNPs electrodes also have been investigated. The voltage scan rates were 20 mV s −1 and 150 mV s −1 and the potential range was −1-1 V. The CV curve of the paper supercapacitor at the voltage scan rate 150 mV s −1 showed nearly rectangular shape. The specific capacitance of paper supercapacitor based on PVDF gel electrolyte for voltage scan rate 150 mV s −1 was 42 F g .
In the second structure of the paper supercapacitor, a layer of the PVA gel separator has been coated on the PVDF gel electrolyte film. The specific capacitance of paper supercapacitor based respectively. In the third structure of the paper supercapacitor, a layer of the BaTiO 3 gel separator has been coated on the PVA gel separator film. The specific capacitance of paper supercapacitor based on BaTiO 3 gel separator film for voltage scan rate 150 mV s −1 was 117 F g −1 and for voltage scan rate 20 mV s −1 was 312 F g −1 . Using the galvanostatic method, the specific capacitance of the paper supercapacitor based on BaTiO 3 gel separator film was 320 F g −1 . The EIS analysis was done at a dc bias of 10 mV with the frequency range of 100 kHz-~ 10 mHz. The Nyquist curve allows us to determine the ESR resistance and R x of the supercapacitor. For the paper supercapacitor based on PVDF gel electrolyte, the ESR resistance and R x were 306 Ω And 44 Ω, respectively. The ESR resistance and R x of the paper supercapacitor based on BaTiO 3 gel separator film were 125 Ω and 525 Ω, respectively. From the Bode curve of the paper supercapacitor based on the BaTiO 3 gel separator by increasing the frequency from 10 mHz to 100 kHz, the impedance was decreased from 2.45 kΩ to 170 Ω. Our results demonstrated that the flexible solid state paper supercapacitor based on BaTiO 3 gel separator film showed the excellent performance that could be applied in energy storage devices. 
